T h c s?eciEication and performance of precision oscillators is a very important topic to the owners and users of these oscillators. T h i -s paper presents at the tutorial level some convenient methods of measurinq the frequencies of precision oscillators --giving advantages and disadvantages of these methods.
and in numerous other important applications. In this paper I will review some precision methods to measure the frequency and frequency stability of precision oscillators. The paper will be tutorial in nature and will concentrate on fairly well established methods; however, it will present one apparently unexploited and useful method. I will first define some terms and some basic concepts that will be useful later on and then discuss four different ways of measuring frequency and frequency stability. Finally, I will discuss briefly some useful methods of analyzing the results--to more nearly maximize on the information that may be deduced from the data.
The typical precision oscillator,of course, has a v e r y stable sinusoidal voltage output with a frequency v and a period of oscillation -1 , which is the recj.proca1 of the frequency, v = l/z, as illustrated in Fig. I . The goal is to measure the frequency and/or the frequency stability (instability is actually measured, but is often called, with little confusion, stability in the literature) of the fluctuations of the sinusoid. The voltage out of the oscillator may be modeled by equation 1:
Of course, one sees that the period of this oscillation is the number of seconds per cycle or the inverse of the frequency in cycles per second. Naturally, fluctuations in frequency correspond to fluctuations in the period. Almost. all frequency measurements, with very few exceptions, are measurements of phase or of the period fluctuations in an oscillator, not of frequency, even though the frequency may be the readout. As an example, most frequency counters sense the zero (or near zero) crossinq of the sinusoidal voltage, which is the point at which the voltage is the most sensitive to phase fluctuations.
One must also realize that any frequency measurement always involves two oscillators. In some instances the oscillator is in the counter. One can never measure purely only one oscillator. In some instances one oscillator may be enough better than the other that the fluctuations measured may be considered essentially those of the latter. However, in general because frequency measurements are always dual, it is useful to define:
a s t h e f r a c t i o n a l f r e q u e n c y d e v i a t i o n of s a y o s c i l l a t o r o n e , v l , , w i t h r e s p e c t t o a r e f e r e n e e o s c i l l a t o r V, d i v i d e d by t h e
nomlnal f r e q u e n c y v o . Now, y ( t ) i s a d i m e n s i o n l e s s q u a n t it y a n d u s e f u l i n d e s c r i b i n g o s c i l l a t o r and c l o c k p e r f o rm a n c e ; e . g . t h e t i m e f l u c t u a t i o n s , x(t) , of a n o s c i l l a t o r o v e r a p e r i o d of t i m e t a r e s i m p l y g i v e n by:
x ( t ) = L~ y ( t ) d t
( 3 )
S i n c e i t i s i m p o s s i b l e t o m e a s u r e i n s t a n t a n e o u s f r e q u e n c y , any f r e q u e n c y o r f r a c t i o n a l f r e q u e n c y measurement a l w a y s i n v o l v e s some sample t i m e , ? .
--some time window t h r o u q h which t h e o s c i l l a t o r s a r e o b s e r v e d ;~\ r h c t h . e r i t ' s a p i c o s e c o n d , a s e c o n d , o r a d a y , t h e r e i s a l w a y s some sample t i~n e . So when d e t e r m i n i n g a f r a c t i o n a l frequency, y ( t ) , i n f a c t what happens i n t h e d e v i c e i s t h a t t h e ti-me f l u c t u a t i o n i.s b e i n q
measured s a y s t a r t i n g a t some t i m e t and a g a i n a t a l a t e r t i m e , t + 7 . Thc d i f f e r e n c e i n t h e s e two t i m e f l u c t u a t i o n s , T a u , T , may be c a l l e d t h e s a m p l e t i m e o r a v c r a g i n y t i m e ; e.g. i t may be d e t c r r n i n e d by t h e gate t i m e of a c o u n t e r .
What happrrts i n rndny c a s e s i s t h a t o n c s a m p l e s a number of c y c l e s of a n oscillation d u r i n g t h e p r e s e t g a t e t i n e of a c o u n t e r ; a f t e r t h e gatc t i m c has e l a p s e d the c o u n t e r l a t c h e s t h e v a l u e of t h e number of c y c l e s s o t h a t i t call b e r e a d o u t , p r i n t e d o r s t o r e d i n some o t h e r way, and t h e n t h e r e i s a d e l a y t i m c f o r such p r o c e s s i n q o f t h e d a t a b e f o r e t h e c o u n t e r arms and s t a r t s a g a i n on t h e n e x t c y c l e o f t h c o s c i l l a t i o n . We have c h o s e n t o c a l l it d e a d t i m e and i n some i n s t a n c e s it bccomes a problcm. U n f o r t u n a t e l y i t seems t h a t i n t y p i c a l o s c i l l a t o r s t h e e c f c c t s o f dead t i m e h u r t t h e m o s t where it i s t h e h a r d e s t t o a v o i d .
I n o t h e r words, f o r times t h a t a r c s h o r t comparcd t o a s e c o n d , where it i s v e r y d i f f i c l~l t t o a v o i d d e a d t i m e , t h a t i s u s u a l l y
w h e r e w h e t h e r you do o r do n o t have dead t i m e makes a d i f f e r c n c e i n t h e d a t a .
T y p i c a l l y f o r cnmrrmon o s c i l l a t o r s , i f t h e sample t i m e i s l o n g compared t o a s e c o n d , t h e d c a d t i m e makes l i t t l e d i f f e r c n c e e x c e p t i n d a t a a n a l y s i s unless i t i s excessive C31 .
In reality of course, the sinusoidal output of an oscillator is not pure; but it contains noise fluctuations as well. This section deals with the measurement of these fluctuations to determine the quality of a precision signal source.
A. The first is illustrated in Fig. 2 . The signal from an oscillator under test is fed into one port of a mixer. The signal from a reference oscillator is fed into the other port of this mixer. The signals arc in quadrature, that is, they are 90 degrees out of phase s o that the average vol--tagc out of the mixer is nominally zero, and the instantaneous voltage corresponds t o phase fluctuation rather than to the amplitude fluctuations between the two signals. The mixer is a key element in the system. The advent of the Schottky barrier diode was a significant breakthrough in making low noise precisian stability measurements and in all four measurement methods described below the double balanced Schottky barrier diode mixer is employed. The output of this mixer is fed through a low pass filter and then amplified in a feedback loop, c a u s i n g the voltage controlled oscillator (reference) to be phase locked to the test oscillator. The time constant and gain are adjusted such that a very loose phase lock condition exists. Caution: the attack time is not the time constant of the RC network shown .
The attack time is the time it takes the servo system to make 70% of its ultimate correction after being slightly disturbed. The attack time is equal to the inverse of n times the servo bandwidth. If the attack of the l o o p is about a second then the voltage fluctuation will be proportional to the phase fluctuation for sample times shorter than the attack time or for Fourier frequencies greater than about 1 Hz. Depending on the quality of the oscillators involved, the amplification used may be from 40 to 80 dB via a good low noise amplifier, and in turn this signal can be fed to a spectrum analyzer, for example, to measure the Fourier components of the phase fluctuation. I have not entered these as expenses. In addition, good bandwidth control is obtainable with this system and the precision is adequate to measure essentially any of thc state-oE-the-art oscillators. The sample time can be of the order of a second or longer; it is difficult to CJO shorter than one second or an interaction will occur with the attack time of the tiqht phase lock loop. Thc dead time can be small; in fact, if you have a v e r y fast counter, that is a c o u n t e r which can scan the data more quickly than the attack time of the loop, the dcacl time h-ill be The d i f f e re n c e f r e q u e n c y o r t h e b e a t f r e q u e n c
y o u t , v p , i s o b t a i n e d a s t h e o u t p u t of a low p a s s f i l t e r which £ 0 lows t h e m i x e r . T h i s b e a t f r e q u e n c y i s t h e n a m p l i f i e d and f e d t o a f r e q u e nc y c o u n t e r and p r i n t e r o r s o m e r e c o r d i n g device. The f r a c t i o n a l f r e q u e n c y c a n s i m p l y b e o b t a i n e d by d i v i d i n g vb,
by t h e n o m i n a l c a r r i e r f r e q u e n c y vo.
ADVANTAGES: T h i s s y s t e m h a s e x c e l l e n t p r e c i s i o n ; o n e c a n m e a s u r e e s s e n t i a l l y a l l s t a t e -o f -t h e -a r t o s c i l l a t o r s .
The component cost i s q u i t e i n e x p e n s i v e .
DISADVANTAGES:
The sample t i m e must be e q u a l t o o r g r e a t e r t h a n t h e b e a t p e r i o d , and f o r good t u n a b l e q u a r
t z o s c i l l a t o r s t h i s w i l l b e of t h e o r d e r of a few s e c o n d s ; i.e. t y p i c a l l y , i t i s d i f f i c u l t t o h a v e a sample t i m e s h o r t e r t h a n a few s e c o n d s . The d e a d t i m e c a n be a problem f o r t h i s m e a s u r ement s y s t e m b e c a u s e i t w i l l b e e q u a l t o o r g r e a t e r t h a n t h e b e a t p e r i o d u n l e s s , f o r e x a m p l e , o n e uses a s e c o n d c o u n t e r which s t a r t s when t h e f i r s t o n e s t o p s . O b s e r v i n g t h e beat f r e q u e n c y o n l y i s i n s u f f i c i e n t i n f o r m a t i o n t o t e l l w h e t h e r o n e o s c i l l a t o r i s h i g h o r l o w i n f r e q u e n c y w i t h r e s p e c t t o t h e o t h e r one--a s i g n i f i c a n t d i s a d v a n t a g e f o r making a b s ol u t e f r e q u e n c y measurements. However, it i s o f t e n n o t d i f f i c u l t t o g a i n t h i s a d d i t i o n a l i n f o r m a t i o n t o d e t e r m i n e
t h e s i g n (+ o r -) o f t h e b e a t f r e q u e n c y . The f r e q u e n c i e s o f t h e two o s c i l l a t o r s must be d i f f e r e n t .
D.
Dual Mixer T i m e D i f f e r e n c e System.
The l a s t s y s t e m i s o n e t h a t h a s j u s t r e c e n t l y been d e v e l o p e d a t N S S * t h a t ---*Dr. C o s t a i n i n f o r m e d m e t h a t Herman Daans h a s d e v e l o p e d a s i m i l a r system a t NRC.
shows some s i g n i f i c a n t p r o m i s e .
A b l o c k d i a g r a m i s shown i n F i g . 5. I n p r e f a c e it s h o u l d be m e n t i o n e d that i f the t i m e o r t h e t i m e f l u c t u a t i o n s c a n be measured directly a n a d v a n t a g e i s o b t a i n e d o v e r just m e a s u r i n g t h e f r e q u e n c y .
The r e a s o n b e i n g t h a t you c a n c a l c u l a t e t h e f r e q u e n c y from t h e t i m e w i t h o u t d e a d t i m e a s w e l l a s know t h e t i m e behavi o r .
The r e a s o n i n t h e past t h a t f r e q u e n c y h a s n o t been i n f e r r e d from t h e t i m e f o r sample t i m e s of t h e o r d e r of s e v e r a l s e c o n d s and s h o r t e r i s t h a t t h e t i m e d i f f e r e n c e 
A n o t h e r o s c i l l a t o r w i t h s e p a r a t e symmetric b u f f e r e d o u t p u t s i s f e d t o t h e r e m a i n i n g o t h e r two p o r t s of t h c p a i r o f d o u b l e b a l a n c e d m i x e r s . T h i s comnzon o s c i l l a t o r ' s f r e q u e n c y i s o f f s c t by a d e s i r e d amount f r o m t h e o t h e r t w o o s c i l l a t o r s .
I n which c a s e two d i f f e r e n t b e a t E r e q u e n c i c s come o u t o f t h e two m i x e r s a s sl~own. Thcsc t w o h e a t f r e q u e n c i e s w i l l be o u t of p h a s e by a n amount p r o p o r t i o n a l t o t h e t i m e d i f f e rcncc between o s c i l l a t o r 1 and 2 --e x c l u d i n g t h e d i f f e r e n t i a l p h a s e s h i f t t h a t may be inserted; and w i l l d i f f e r i n f r e q u e n c y by a n amount e q u a l t o the f r e q u e n c y d i f f e r e n c e between o s c i l l a t o r s 1 and 2 .
Now t h i s s y s t e m i s a l s o very useful i n t h e s i t u a t i o n where you have o s c i l l a t o r 1 and o s c i l l a t o r 2 on t h e same f r c q u c n c y .
Tnc h c t r o d y n e o r b e a t f r e q u e n c y method, i n c o n t r a s t , c a n n o t be u s c d i f b o t h o s c i l l a t o r s a r e on t h e same frecluency. Q u i t e o f t e n it i s t h e c a s e w i t h Atomic s t a n d a r d s ( C e s j u n , Rubidium and Hydrogen f r e q u e n c y s t a n d a r d s ) that o s c i l l a t o r 1 and 2 w i l l n o m i n a l l y be on t h e same f r e q u e n c y .
I l l u s t r a t e d a t t h e bottom o f F i g . 5 i s what m i g h t be r e p r e s e n t e d a s t h e b e a t f r e q u e n c i e s o u t of t h e two m i x e r s . A p h a s e s h i f t e r may bc i n s e r t e d a s i l l u s t r a t e d t o a d j u s t t h e p h a s e so t h a t t h c two beat r a t e s a r e n o m i n a l l y i n p h a s e ; t h i s a d j u c t m e n t s e t s up the n i c e c o n d i t i o n that t h e n o i s e of t h e common o s c i l l a t o r t e n d s t o c z n c e l when t h e t i m e d i f f e r e n c e i s d c t c r m i n c d i n t h e n e x t s t c p --d e p e n d i n g on t h e l c v c l and t h e t y p e o f z o i s e a s w e l l a s t h e sample t i m e i nv o l v e d .

A f t e r a m p l i f y i n y t h e s c b e a t s i q n a l s , t h e s t a r t p o r t of a t i m
where A t ( i ) i s t h e it" t i m e d i f f e r e n c e a s r e a d on t h e c o u n t e r , ,r i s t h e b e a t p e r i o d , v i s t h e nominal c a r r i e r f r e q u e n c y , $ i s t h e p h a s e d e l a y i n r a d i a n s added t o t h e s i g n a l o f o s c i l l a t o r 1, and n i s an i n t e g e r t o be d e t e r m i ned i n o r d e r t o remove t h e c y c l e a m b i g u i t y . I t i s o n l y i m p o r t a n t t o know n i f t h e a b s o l u t e t i m e d i f f e r e n c e i s d es i r e d ; f o r f r e q u e n c y and f r e q u e n c y s t a b i l i t y measurements and f o r t i m e f l u c t u a t i o n measurements, n may be assumed zero u n l e s s o n e g o e s t h r o u g h a c y c l e d u r i n g a s e t o f measurements.
The f r a c t i o n a l f r e q u e n c y c a n b e d e r i v e d i n t h e normal way from t h e t i m e f l u c t u a t i o n s .
I n e q u a t i o n s ( 5 ) and ( S ) , t h e assumpti.ons a r e made t h a t t h e t r a n s f e r o r common o s c i l l a t o r i s s e t a t a lower f r e q u e n c y t h a n o s c i l l a t o r s 1 and 2 , and t h a t t h e b e a t v L -v 2 starts and v -v stops t h e time interval counter. The sa.mplc 0 time gy appropriate calculation can be any i n t e g e r multiple of T :
In 7 (7 where m is any positive integer. If needed, T czn be made to bc very small by haviny very large beat frequencies. In the system set up at NBS the common or transfer oscillator was replaced with a low phase noise synthesizer, which derived its basic reference frequency from oscillator 2. In this set up the nominal beat frequencies are simply given by thc amount the output frequency of t h e synthesizer is offset from v2.
Sample times as short as a few rnilliseconds were easlly obtained. Logqinq the data at such a rate can be a problem without special equipment, e.?.
magnetic tape. In the NBS set up, a computing counter was used w i t h a processing time of aboat 1.5 ms, and samplc time stabilities werc observed for 2 ms and longer (scc appendix for some computing counter program possibilities).
ADVANTAGES: If the oscillators, including the transfer oscillator, and a time interval counter are available, the component cost is fairly inexpensive ($500, most of which is the cost of the phase shifter). The measarement system bandwidth is easily controlled (note, that this should bc done in tandum wi,th both low pass filters bei.nq symmetrical).
The measurement precision is such that one can measure essentially all state-of-the-art oscil~lators. For cxanplc, if the oscillators are at 5 MHz, the beat frequencies a r e 0.5 Iiz, and the time interval counter cr;lpl.oyed l-i~i!; a precisionlaf 0.1 i i s , then the potential mcasurcment precision is 10-s (10 feni.to seconds) for 'r = 2s; other things will. limit the precision such as noise in the amplifiers. As iias been stated above, there is no dead time which is quite convenient for very short sample times (OF the order of milliseconds). Dead time problems arc difficult to avoj-d in this r e g i o n . One obtains a s lonq a sample time as is desired. This is determined essentially by the beat period or multiple of the same. Tf one replaces the common oscillator by a synthesizer then the beat period may he selected very conveniently. The synthesizer should have fairly low phase noise to obtain the maximum precision from the system. The systcm measures time difference rather than frequency and hence has that advantage. One may calculate from the data both thc magnitude and the sign of the frequency diffcrcnce. This system, therefore, allows the measurement of time fluctuations as well as time difference, and the calculation of frequency fluctuations as well as absolute frequency differences between the two oscillators in question. The system may he calibrated and the system noise be measured by simply feeding a signal from one oscillator symmetrically split two ways to replace oscillators 1 and 2 .
DISADVANTAGES: The system is somewhat more complex than the others. Because of the low frequency beats involved, precautions must be taken to avoid ground loop problems; there are some straight forward solutions; e.g. in the NBS system a saturated amplifier followed by a differentiator and isolation transformer worked very well in avoiding ground loops. Buffer amplifiers are needed because the mixers present a dynamic load to the oscillator--allowing the possibility of cross-talk. The time difference reading is modulo the beat period. For example, at 5 MHz there is a 200 nanosecond per cycle ambiquity that must be resolved if the absolute time difference is desired; this ambiguity is usually a minor problem to resolve for precision cscillators.
As an example of the system's use, Fig. 6 illustrates a plot of a strip chart recording of a digital to analog output of the significant digits from the time interval counter between a quartz oscillator and a high performance commercial cesium oscillator. In other words this is a plot of the time fluctuations between these two oscillators as a function of time. The h i g h frequency fluctuations (over fractions of a second) would most probably be those between the quartz oscillator and the quartz oscillator in the cesium servo system. The low frequency fluctuations (over seconds) would most probably be those induced by the cesium servo in its effort to move the frequency of its quartz oscillator to the natural resonance of the cesium atom--causing a random walk of the time fluctuations for sample times longer than the servo attack time.
SOME METHODS O F DATA ANALYSIS
Given a set of data of the fractional frequency or tine fluctuations between a pair of oscillators, it is useful to characterize these fluctuations with reasonable and tractable models of performance. In so doing for many kinds of oscillators it is useful to consider the fluctuations as those that are random (may only be predicted statistically) and those that are non-random (e.g. systematics--those that are environmentally induced or those that have a causal effect that can be determined and in many cases can be predicted).
A.
Non-random Fluctuations
Non-random fluctuations are usually the main cause of departure from "true" time or "truet' frequency.
If for example one has t h e values of the frequency over a period of time and a frequency offset from nominal is observed, one may calculate directly that the time fluctuations will depart as a ramp (see Fig. 7) . If where S (f) is the one-sided spectral density of the fractional yrequency f luctuati.ons, f is the Fourier frequency at which the density is taken, h, is the intensity coefficient, and a is a number modeling the most appropriate power law for the data. It has been shown [ 3 , 4 , 5 , 8 ] , that in the time domain one can nicely represent a power law spectral density process using a well defined time-domain stability measure, o (T), which I will explain later. For The transformation for some of the more common power law spectral densities has been tabulated, [ 2 , 3 , 4 ] --making it quite easy to transform the frequency stability as may have been modcled in the time-domain over to the f re quericy domain and vhe-vt?.rsa. Some: cxa!np.lps of some processes modeled t);y power law s p e c t r a ,Lhat have l-jc:cn :;'i.mul.aLed by co::r:~)u'cer are shown in Fig. 8 . In descending order these have been named, white noise, flicker noise, random walk, and flicker walk (the (I! in Fig. 8 is angular Fourier frequency,:,, = 2.11f).
In Pig. 9 are plotted the actual data of the Atomic Time Scale of the NaLional Bureau of Standards versus International Atomic Time (TAI) over a four year period. A least squares fit to the frequency drift has heen subtracted from these data. The plot then is just the time fluctuations of the A T ( N B S ) scale with respect to TAI. There is a peakto-peak deviation of about 6 microseconds. Figure 10 shov~s a plot of the same thing for the United States Naval Observatory atomic time scale versus TAI over the same four year period, and again a least squares fit to the frcqucncy ?.rif -t has been subtracted from the data. The pea.k-to-peak flu.ctuations are again about 6 microseconds. Figure 11 is a plot of the residual time fluctuations between a high performance cesium standard and our primary frequency standard, NBS-5, over about one-half day. The peak-to-peaJ: f l u c t u a t i o n s in this case are less t h a n a nanosecond. Just by visual comparison of Figures 9, 10 and 11 with the simulated noises shown in Figure 8 indicates that these random processes are not white noise--hence the need for better frequency stability characterization.
Suppose now that you are given the time or frequency fluctuations between a pair of precision oscillators measured, for exarriple, by one of the techniques outlined above, and you wish to perfom a stability analysis. Let this comparison be depicted by Pig. 12. The minimum sample time is determined by the measurement system. If the time difference or the time fluctuations are available then the frcquency or the fractional frequency fluctustions may be calculated from one period of sampling to the next over the data length as indicated in One c a n r c p c a t t h i s p r o c e s s f o r o t h e r d e s i r e d i n t c z e r m u l t i p l e s o f T and from t h e same data s e t be a b l e t o g e n e r a t e v a l u e s f o r u y ( m 'i) as a f u n c t i o n o f r n T from w h i c h one may be able t o i n f e r a model f o r t h e p r o c e s s t h a t i s c h a r a c t e r i s t i c o f t h i s p a i r of o s c i l l a t o r s .
I f you have dead t i m e i n t h e measurem e n t s you c a n n o t a v e r a g e a d j a c e n t p a i r s i n a n unambiguous w a y t o s i m p l y i n c r e a s e t h e sample t i n e . You have t o r e t a k e the d a t a f o r c a c h new sample t l m e --o f t c n a v e r y t i m e consumi n g task. T h i s i s a n o t h e r i n s t a n c e where dead t i m c c a n be a problem.
How t h e classical v a r i a n c e ( s t a n d One c a n s e e t h e Y dependence of t h e s t a n d a r d d e v i a t i o n w i t h t h e number of samples f o r v a r i o u s k i n d s of power l a w s p e c t r a l densities commonly e n c o u n t e r e d a s r e a s o n a b l e models f o r many import a n t p r e c i s i o n o s c i l l a t o r s .
Note, o2 ( r ) h a s t h e same v a l u e a s t h e c l a s s i c a l v a r i a n c e f o r t g e c l a s s i c a l n o i s e c a s e ( v h i t e n o i s e F M ) .
One main p o i n t of F i g . 1 3 i s s i m p l y t o show t h a t w i t h t h e i n c r e a s i n g d a t a l e n g t h t h e s t a n d a r d d e v i a t i o n c f t h e common c l a s s i c a l v a r i a n c e i s n o t w e l l behaved f o r t h e k i n d s of n o i s e p r o c e s s e s t h a t a r e v e r y o f t e n e n c o u n t e r e d i n most of t h e p r e c i s i o n o s c i l l a t o r s of i n t e r e s t .
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The w h i t e n o i s e f r e q u e n c y m o d u l a t i o n c h a r a c t e r i s t i c t h e n becorn.5 t h e p r e d o m i n a n t power law c a u s i n q c s (T) t o improvc a s I -'I2 u n t i l t h e f l i c k e r f l o o r o f t h e qusrez c r y s t a l o s c i l l a t o r ( D i a n e ) , i n t h i s c a s e 6 p a r t s i n 1 0~3 , becomes t h e p r e d o m i n a n t n o i s e s o u r c e . Some i n e x p e n s i v c ( l e s s t h a n $1000) methods of precisely m c a s u r i n q t h e t i m e difference, t i m e £ 3 -u c t u a t i o n s , f r e q u e n c y d i f f e r e n c e , and f r e q u e n c y f l u c t u a t i o n s between a p a i r of s t a t c -o f -t h e -a r t t i m e a n d / o r f r e q u e n c y s t a n d a r d s havc been r c v i e w e d o r i n t r o d u c e d . s i o n of b e t t e r t h a n 1 picosecond. F r a c t i o n Frequency i nstabilities due to the noise in this novel measurement method were demonstrated to bc less than one part in 10 16 for rr ( I 2 2 x 1~~ s ) .
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Also reviewed were some efficient methods of data analysis--which allow one to gain insiqht into models that would characterize both the random and non-random deviation between a pair of frequency standards. A specific example was shown demonstrating the time domain fractional frequency stability, rr ( . I ) , between two state-of-the-art commercial Herman Damrns had been doing a very similar dual mixer system and it does give a fantastic advantage when you have the two oscillators on the same frequency. As a matter of fact you can only test the system by putting the same signals into the two channels.
MR. ALLAN:
That's a good point. It's very conducive to testing the measurement noise, whereas with other systems it's sometimes quite difficult. This one is very amenable to looking at the measurement noise.
